INTRODUCTION
============

Chlorogenic acid (3-\[3,4-dihydroxycinnamoyl\] quinic acid, CGA) is an antioxidant compound found in numerous plant species, including coffee beans, apples, and blueberries ([@b16-bt22-2-0136]; [@b32-bt22-2-0136]). Structurally, CGA is related to a group of polyphenol compounds consisting of esters formed by hydroxycinnamates (caffeic acid, ferulic acid, or p-coumaric acid) and quinic acid ([@b32-bt22-2-0136]). Polyphenol compounds share the common structural group phenol, an aromatic ring linkage with at least one hydroxyl substituent. It has been reported that some plant polyphenols can be applied for photo-protection against UV-induced skin damage ([@b42-bt22-2-0136]; [@b4-bt22-2-0136]). CGA exerts its antioxidant activity through this structural moiety ([@b16-bt22-2-0136]; [@b9-bt22-2-0136]).

Reactive oxygen species (ROS) are naturally produced in the body as a result of normal metabolism or environmental exposure. At high concentrations, ROS may induce oxidative damage to DNA, lipids, and proteins. Oxidation of these cellular substrates can cause degenerative disease ([@b2-bt22-2-0136]; [@b28-bt22-2-0136]; [@b24-bt22-2-0136]; [@b41-bt22-2-0136]).

UVB radiation can have deleterious effects on the skin, including carcinogenesis, inflammation, solar erythema, and premature aging ([@b36-bt22-2-0136]; [@b15-bt22-2-0136]; [@b27-bt22-2-0136]). For example, excessive UVB exposure triggers severe phenotypic changes in the dorsal skin of mice ([@b29-bt22-2-0136]). ROS generated as a consequence of UV irradiation can oxidize and damage cellular lipids, proteins and DNA, leading to changes and often to destruction of skin structures, which can result in inhibition of their regular function ([@b7-bt22-2-0136]; [@b38-bt22-2-0136]). Therefore, many efforts have been made to prevent/treat these events caused by UV exposure. Antioxidants from natural or synthetic sources provide new possibilities for treatment and prevention of UV-oxidative stressed damage ([@b5-bt22-2-0136]; [@b18-bt22-2-0136]).

CGA has shown its photo-protection against UV-induced skin damage in animal model and displayed the suppression on UVB-related ROS mediated cellular processes *in vivo* ([@b8-bt22-2-0136]; [@b17-bt22-2-0136]). Moreover, CGA protects mesenchymal stem cells against oxidative stress ([@b22-bt22-2-0136]). Here, we investigated whether CGA can protect keratinocytes against UVB-induced oxidative damage and elucidated the mechanisms underlying the protective effect of CGA against UVB-induced cellular oxidative stress in human HaCaT keratinocytes.

MATERIALS AND METHODS
=====================

Reagents
--------

Chlorogenic acid (CGA) was provided by Professor Sam Sik Kang (Seoul National University, Seoul, Korea) ([@b19-bt22-2-0136]). The following compounds were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA): 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical, N-acetyl cysteine (NAC), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA), \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium\] bromide (MTT), and Hoechst 33342 dye. Primary antibodies against Bcl-2 and Bax were purchased from Santa Cruz Biotechnology (Dallas, TX, USA); a primary antibody against actin was purchased from Sigma-Aldrich Inc.; and a primary antibody against caspase-3 was purchased from Cell Signaling Technology (Danvers, MA, USA). All other chemicals and reagents were of analytical grade.

Cell culture
------------

The human keratinocyte cell line HaCaT was obtained from the Amore Pacific Company (Gyeonggi-do, Korea) and maintained at 37°C in an incubator with a humidified atmosphere of 5% CO~2~. Cells were cultured in RPMI 1640 medium containing 10% heat-inactivated fetal calf serum, streptomycin (100 μg/ml), and penicillin (100 units/ml).

Cell viability assay
--------------------

The effect of CGA on the viability of HaCaT cells was assessed as follows: cells were seeded in 96-well plates at a density of 0.3×10^5^ cells/ml, and treated 20 h later with 5, 10, 20, 40, or 80 μM CGA. MTT stock solution (50 μl, 2 mg/ml) was added to each well to yield a total reaction volume of 200 μl. Four hours later, the supernatants were aspirated. The formazan crystals in each well were dissolved in dimethylsulfoxide (DMSO, and the absorbance at 540 nm was read on a scanning multi-well spectrophotometer ([@b6-bt22-2-0136]).

Detection of the DPPH radicals
------------------------------

CGA (5, 10, 20, 40 or 80 μM) or NAC (1 mM) was added to 1×10^−4^ M DPPH in methanol, and the resulting reaction mixture was shaken vigorously. After 3 h, the amount of unreacted DPPH was determined by measuring the absorbance at 520 nm on a spectrophotometer.

Detection of superoxide anions
------------------------------

Superoxide anions generated by the xanthine/xanthine oxidase system were reacted with DMPO, and the resultant DMPO/•OOH adducts were detected using an ESR spectrometer ([@b20-bt22-2-0136], [@b21-bt22-2-0136]). The ESR spectrum was recorded 2.5 min after a phosphate buffer solution (pH 7.4) was mixed with 0.02 ml each of 3 M DMPO, 5 mM xanthine, 0.25 U xanthine oxidase, and 20 μM CGA. The ESR spectrometer parameters were set as follows: central magnetic field, 336.8 mT; power, 5.00 mW; frequency, 9.4380 GHz; modulation width, 0.2 mT; amplitude, 1000; sweep width, 10 mT; sweep time, 0.5 min; time constant, 0.03 sec; and temperature, 25°C.

Detection of hydroxyl radicals
------------------------------

Hydroxyl radicals generated by the Fenton reaction (H~2~O~2~+FeSO~4~) were reacted with DMPO. The resultant DMPO/•OH adducts were detected using an ESR spectrometer ([@b20-bt22-2-0136], [@b21-bt22-2-0136]). The ESR spectrum was recorded 2.5 min after a phosphate buffer solution (pH 7.4) was mixed with 0.02 ml each of 0.3 M DMPO, 10 mM FeSO~4~, 10 mM H~2~O~2~, and 20 μM CGA. The ESR spectrometer parameters were set as follows: central magnetic field, 336.8 mT; power, 1.00 mW; frequency, 9.4380 GHz; modulation width, 0.2 mT; amplitude, 600; sweep width, 10 mT; sweep time, 0.5 min; time constant, 0.03 sec; temperature, 25°C.

Detection of intracellular ROS
------------------------------

The DCF-DA method was used to detect intracellular ROS generated by H~2~O~2~ or UVB ([@b33-bt22-2-0136]). To detect ROS in H~2~O~2~- or UVB-treated HaCaT cells, cells were seeded in plates at a density of 1.2×10^5^ cells/well and treated 20 h later with 20 μM CGA. After incubation for 1 h at 37°C, cells were exposed to H~2~O~2~ (1 mM) or UVB (30 mJ/cm^2^). The UVB source was a CL-1000M UV Crosslinker (UVP, Upland, CA, USA). After an additional 30 min at 37°C, DCF-DA solution (50 μM) was added. Ten minutes later, the fluorescence of 2′,7′-dichlorofluorescein (DCF) was detected and quantified using a PerkinElmer LS-5B spectrofluorometer (PerkinElmer, Waltham, MA, USA). Scavenging effect of intracellular ROS (%) = (absorbance of control - absorbance of CGA or NAC)/absorbance of control×100. The control indicates H~2~O~2~ or UVB-treated group.

UV/visible light absorption analysis
------------------------------------

To study the UVB absorption spectra of CGA, the compound was scanned from 250 to 400 nm on a Biochrom Libra S22 UV/visible spectrophotometer (Biochrom, Cambridge, UK). CGA was diluted 1:500 in DMSO prior to scanning.

Single-cell gel electrophoresis (Comet assay)
---------------------------------------------

The degree of oxidative DNA damage was assessed in a comet assay ([@b37-bt22-2-0136]; [@b30-bt22-2-0136]). A cell suspension was mixed with 70 μl of 1% low-melting agarose (LMA) at 37°C and the mixture spread onto a fully frosted microscopic slide pre-coated with 200 μl of 1% normal melting agarose (NMA). After solidification of the agarose, the slide was covered with another 170 μl of 0.5% LMA and then immersed in lysis solution (2.5 M NaCl, 100 mM Na-EDTA, 10 mM Tris, 1% Trion X-100, and 10% DMSO, pH 10) for 1 h at 4°C. The slides were subsequently placed in a gel electrophoresis apparatus containing 300 mM NaOH and 10 mM Na-EDTA (pH 13) and incubated for 30 min to allow for DNA unwinding and the expression of alkali-labile damage. An electrical field (300 mA, 25 V) was then applied for 30 min at 25°C to draw the negatively charged DNA towards the anode. The slides were washed three times for 10 min at 25°C in neutralizing buffer (0.4 M Tris, pH 7.5), and then washed once for 10 min at 25°C in 100% ethanol. Then, the slides were stained with 80 μl of 10 μg/ml ethidium bromide and observed using a fluorescence microscope and image analyzer (Kinetic Imaging, Komet 5.5, UK). The tail lengths and percentage of total fluorescence in the comet tails were recorded for 50 cells per slide.

Nuclear staining with Hoechst 33342
-----------------------------------

Cells were treated with 20 μM CGA and exposed to UVB radiation 3 h later. After a 24 h incubation at 37°C, the DNA-specific fluorescent dye Hoechst 33342 (1 μl of a 20 mM stock) was added to each well and the cells were incubated for 10 min at 37°C. The stained cells were visualized under a fluorescence microscope equipped with a CoolSNAP-Pro color digital camera. The degree of nuclear condensation was evaluated, and apoptotic cells were counted.

Analysis of mitochondrial membrane potential (Δψ~m~)
----------------------------------------------------

Cells were exposed to 30 mJ/cm^2^ UVB irradiation, treated with 20 μM CGA, and incubated at 37°C. After 12 h, the cells were stained with JC-1 (5 μM) and analyzed by flow cytometry ([@b40-bt22-2-0136]).

Western-blot analysis
---------------------

Harvested cells were lysed by incubation on ice for 10 min in 160 μl of lysis buffer containing 120 mM NaCl, 40 mM Tris (pH 8), and 0.1% NP 40. The resultant cell lysates were centrifuged at 13,000×*g* for 5 min. Supernatants were collected and protein concentrations were determined. Aliquots (each containing 5 μg of protein) were boiled for 5 min and electrophoresed on 12% SDS-polyacrylamide gels. Protein blots of the gels were transferred onto nitrocellulose membranes. The membranes were incubated with the appropriate primary antibodies (1:1000) followed by horseradish peroxidase-conjugated anti-IgG secondary antibodies (1:5000) (Pierce, Rockford, IL, USA). Protein bands were detected using an enhanced chemiluminescence Western blotting detection kit (Amersham, Little Chalfont, Buckinghamshire, UK).

Statistical analysis
--------------------

All measurements were performed in triplicate and all values are expressed as the mean ± standard error. The results were subjected to an analysis of variance (ANOVA) using Tukey's test to analyze differences between means. In each case, a *p* value \<0.05 was considered statistically significant.

RESULTS
=======

CGA scavenges free radicals including ROS
-----------------------------------------

CGA was not cytotoxic at any concentration up to 80 μM: cell viability was ∼100% at all concentrations of CGA used ([Fig. 1A](#f1-bt22-2-0136){ref-type="fig"}). At concentrations ranging from 5--80 μM, the DPPH scavenging activity of CGA was increased in a concentration-dependent manner and an well-known antioxidant NAC (1 mM) was used to be positive control ([Fig. 1B](#f1-bt22-2-0136){ref-type="fig"}). Based on these results, we decided to use 20 μM CGA for all subsequent experiments. Next, we used ESR spectrometry to measure the ability of CGA to scavenge superoxide anions and hydroxyl radicals. In the xanthine/xanthine oxidase system, DMPO/•OOH yielded signals of 1,984 in the absence of CGA and 1,288 in the presence of CGA ([Fig. 1C](#f1-bt22-2-0136){ref-type="fig"}), indicating that CGA can scavenge superoxide anions. Similarly, in the FeSO~4~+H~2~O~2~ system (Fe^2+^+H~2~O~2~ → Fe^3+^+•OH+OH^−^), DMPO/•OH adducts yielded signals of 3,680 in the absence of CGA and 1,805 in the presence of CGA ([Fig. 1D](#f1-bt22-2-0136){ref-type="fig"}), indicating that CGA can scavenge hydroxyl radicals. In addition, we investigated whether CGA can scavenge intracellular ROS generated by H~2~O~2~ or UVB exposure. In H~2~O~2~-treated cells, 20 μM CGA scavenged 51% of ROS versus 64% for NAC, whereas in UVB-treated cells, 20 μM CGA scavenged 33% of ROS versus 22% for NAC ([Fig. 1E](#f1-bt22-2-0136){ref-type="fig"}).

CGA absorbs UVB
---------------

To determine whether CGA itself exerts a UVB-protective effect, we investigated the light absorption of CGA over a range of UV and visible wavelengths (250--400 nm). CGA absorbed light efficiently in the UVB range (280--320 nm), with a peak at 325 nm ([Fig. 2](#f2-bt22-2-0136){ref-type="fig"}).

CGA suppresses UVB-induced DNA damage
-------------------------------------

UVB radiation induces multiple types of DNA damage, including single-strand breaks, double-strand breaks, cyclobutane pyrimidine dimers, and pyrimidine-(6-4)-pyrimidone photoproducts ([@b31-bt22-2-0136]). We conducted comet assays to assess the protective effects of CGA against UVB-induced DNA breaks. Exposure of cells to UVB increased the number of DNA breaks, resulting in an increase in fluorescence intensity in the tails of the comet-like structures formed during the assay. In the absence of CGA, the percentage of total DNA fluorescence in the comet tails of UVB-irradiated cells was 74%, whereas CGA pre-treatment decreased this value to 30% ([Fig. 3A](#f3-bt22-2-0136){ref-type="fig"}). Furthermore, the protective effect of CGA against UVB-induced DNA damage increased cell viability, from 55% in CGA-untreated cells to 68% in cells pre-treated with CGA ([Fig. 3B](#f3-bt22-2-0136){ref-type="fig"}).

CGA suppresses UVB-induced apoptosis
------------------------------------

UVB radiation triggers apoptosis in HaCaT keratinocytes ([@b14-bt22-2-0136]). We observed intact nuclei in control cells and cells treated with CGA alone, but detected numerous apoptotic bodies (characteristic of apoptosis) in UVB-irradiated cells (apoptotic index: 11). By contrast, the number of apoptotic bodies was markedly reduced in UVB-irradiated cells that had been pre-treated with CGA (apoptotic index: 4) ([Fig. 4A](#f4-bt22-2-0136){ref-type="fig"}). Apoptosis triggers changes in mitochondrial membrane permeability and potential, and apoptosis-induced mitochondrial dysfunction can be detected by flow cytometry after JC-1 staining. The JC-1 fluorescence intensity was 179 in UVB-exposed cells, compared with 117 in non-irradiated control cells; pre-treatment with CGA decreased the intensity in UVB-exposed cells to 154 ([Fig. 4B](#f4-bt22-2-0136){ref-type="fig"}). Expression levels of the pro-apoptotic protein Bax and active caspase-3 were increased by UVB exposure, but these levels were reduced in cells pre-treated with CGA ([Fig. 4C](#f4-bt22-2-0136){ref-type="fig"}). By contrast, levels of the anti-apoptotic protein Bcl-2 expression decreased by UVB irradiation were elevated in UVB-irradiated cells that had been pre-treated with CGA ([Fig. 4C](#f4-bt22-2-0136){ref-type="fig"}).

DISCUSSION
==========

Solar UV radiation can trigger erythema, hyperpigmentation, hyperplasia, immune suppression, photo-aging, and skin cancer ([@b10-bt22-2-0136]; [@b3-bt22-2-0136]; [@b23-bt22-2-0136]; [@b1-bt22-2-0136]; [@b12-bt22-2-0136]). UVB induces intracellular oxidative stress as well as apoptosis, and many studies report that various antioxidant agents protect cells against the UVB-induced damage ([@b13-bt22-2-0136]).

CGA, an ester of caffeic acid and quinic acid, is one of the most abundant naturally existing phenolic compounds in many plant species ([@b16-bt22-2-0136]; [@b32-bt22-2-0136]). CGA possesses antioxidant activity, e.g., the ability to scavenge DPPH free radicals ([@b45-bt22-2-0136]). Our results confirmed and expanded these findings. CGA scavenged DPPH radicals in a dose-dependent manner ([Fig. 1B](#f1-bt22-2-0136){ref-type="fig"}), and potently eliminated ROS such as superoxide anions and hydroxyl radicals ([Fig. 1C, D](#f1-bt22-2-0136){ref-type="fig"}). In addition, the DCF-DA assay ([Fig. 1E](#f1-bt22-2-0136){ref-type="fig"}) revealed that CGA also protected HaCaT keratinocytes against intracellular ROS generated as a result of H~2~O~2~ or UVB exposure.

The effect of UVB absorption is important to act as a protective agent about UVB radiation; for example, UVB absorbing ability of vitamin E compound may be a critical determinant of photoprotection ([@b25-bt22-2-0136]). Thus, we also determined the λ~max~ of CGA to predict its ability to prevent UVB-mediated damage. As shown in [Fig. 2](#f2-bt22-2-0136){ref-type="fig"}, the absorbance maximum of CGA was approximately 325 nm, close to the UVB range (280--320 nm). Our UVB absorbance data of CGA was also consistent to the results of CGA from *Lepidogrammitis drymoglossoides* (Baker) Ching, showing the peak around the wavelength ranging from 315 nm to 335 nm ([@b44-bt22-2-0136]).

UVB-induced cell death occurs via the generation of ROS. In many cell lineages *in vitro*, the resultant oxidative stress induces DNA damage, including DNA fragmentation, ultimately leading to apoptosis ([@b35-bt22-2-0136]). The results of the comet assays ([Fig. 3A](#f3-bt22-2-0136){ref-type="fig"}) demonstrated that CGA treatment reduced the amount of DNA breakage induced by UVB radiation. Specifically, the comet tail, which represents UVB-induced DNA strand breaks, was significantly shorter in CGA-treated cells. Such a protective effect against DNA damage is also shown in [Fig. 4A](#f4-bt22-2-0136){ref-type="fig"}. We then evaluated the ability of CGA to prevent cell death induced by UVB radiation; to this end, we monitored the levels of two pro-apoptotic markers, Bax and cleaved caspase-3, and an anti-apoptotic protein, Bcl-2. As shown in [Fig. 4C](#f4-bt22-2-0136){ref-type="fig"}, the level of Bcl-2 protein was increased in and cells pre-treated with CGA prior to UVB irradiation (combination group), whereas the levels of Bax and cleaved caspase-3 protein in the combination group was reduced.

Taken together, the findings reported herein show that CGA has potential antioxidant properties. Specifically, CGA can scavenge ROS such as DPPH, hydroxyl radicals, superoxide anions, and hydrogen peroxide, as well as protect cells against UVB-induced oxidative stress. UVB radiation causes photo-chemical damage to DNA ([@b34-bt22-2-0136]). In mammalian cells, UVB radiation induces mitochondrial dysfunction by potently suppressing transcription within the organelle ([@b43-bt22-2-0136]). Mitochondria have a sensitive redox system, and many studies suggest that the mitochondrial dysfunction resulting from oxidative stress could induce apoptosis ([@b46-bt22-2-0136], [@b47-bt22-2-0136]; [@b11-bt22-2-0136]; [@b39-bt22-2-0136]; [@b26-bt22-2-0136]). CGA gets involved in prevention of the disrupted mitochondria permeability potential from UVB-irradiated cell. The data reported herein show that CGA protects keratinocytes against UVB-induced oxidative stress. Because CGA shows absorbance in the UVB wavelength range and scavenges ROS, it prevents UVB-mediated oxidative stress in HaCaT cells. Thus, CGA could be used in products aimed at protecting against UVB-mediated skin diseases.
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![CGA scavenges ROS. (A) HaCaT cells were treated with CGA (0, 5, 10, 20, 40, or 80 μM) for 20 h. Cell viability was measured in an MTT assay. (B) Levels of the DPPH radical were measured spectrophotometrically at 520 nm. NAC (1 mM) served as the positive control. \*Significantly different from the DPPH group (*p*\<0.05). (C) The ability to scavenge superoxide anions was evaluated using the xanthine/xanthine oxidase system. ^\*^significantly different from control (*p*\<0.05); ^\#^significantly different from superoxide anions (*p*\<0.05). (D) Ability to scavenge hydroxyl radicals was estimated using the Fenton reaction (FeSO~4~+H~2~O~2~ system). ^\*^Significantly different from control (*p*\<0.05); ^\#^significantly different from hydroxyl radicals (*p*\<0.05). (E) The ability of CGA to scavenge intracellular ROS generated by H~2~O~2~ or UVB was evaluated in a DCF-DA assay. ^\*,\#^Significantly different from control cells, respectively (*p*\<0.05).](BT22-2-0136f1){#f1-bt22-2-0136}

![CGA absorbs in the UV/visible range. UV/visible spectroscopic measurements were performed over a spectral range of 250--400 nm. The arrow indicates the absorbance peak at 325 nm.](BT22-2-0136f2){#f2-bt22-2-0136}

![CGA protects cells against UVB-induced DNA damage. (A) DNA damage was assessed in an alkaline comet assay. Representative images and the percentage of total DNA fluorescence in the comet tails are shown. ^\*^Significantly different from control cells (*p*\<0.05); ^\#^significantly different from UVB-irradiated cells (*p*\<0.05). (B) HaCaT cells were treated with CGA. After 1 h, the cells were exposed to UVB radiation and cell viability was determined 20 h later in an MTT assay. ^\*^Significantly different from control cells (*p*\<0.05); ^\#^significantly different from UVB-irradiated cells (*p*\<0.05).](BT22-2-0136f3){#f3-bt22-2-0136}

![CGA protects cells against UVB-induced apoptosis. (A) Apoptotic bodies (arrows) were observed in cells stained with Hoechst 33342 dye by fluorescence microscopy and quantitated. ^\*^Significantly different from control (*p*\<0.05); ^\#^significantly different from UVB-irradiated cells (*p*\<0.05). (B) The mitochondrial membrane potential (Δψ~m~) was assessed by flow cytometry after cells were stained with JC-1. ^\*^Significantly different from control cells (*p*\<0.05); ^\#^significantly different from UVB-irradiated cells (*p*\<0.05). (C) Cell lysates were subjected to electrophoresis, and Bcl-2 (26 kDa), Bax (23 kDa), and caspase-3 (17/19 kDa) were detected on immunoblots using appropriate antibodies. Actin was used to loading control.](BT22-2-0136f4){#f4-bt22-2-0136}
